A high-sensitive CMOS photosensor based on a pulse frequency modulation (PFM) scheme is presented. We propose and demonstrate the high-sensitive PFM photosensor, whose output frequency is proportionate to the incident light intensity, that utilizes MOS interface-trap charge pumping (ITCP) as a frequency-controlled ultra-low current. The proposed pixel sensor consists of only 4 transistors: a transistor as an ultra-low current source; a sense amplifier transistor; a selection transistor; and, a reset transistor. The prototype device is fabricated using 0.6-µm standard CMOS technology. High sensitivity 4.0 × 10 5 Hz/(W · m −2 ), which is larger than two orders of magnitude compared to previous works, was obtained.
Introduction
A photosensor based on a pulse frequency modulation (PFM) scheme is a suitable photosensor for retinal prosthetic devices [1] . Conventional PFM photosensors, however, have disadvantages such as low sensitivity, sensitivity fluctuation by the supply voltage, and a large circuit area [2, 3, 4] .
In this letter, we propose a new PFM photosensor, light-to-frequency converter. Light-to-frequency conversion results from keeping a reverse voltage constant by charging the photodiode with a frequency-controlled current source. We applied the MOS interface-trap charge pumping (ITCP) current source for the conventional PFM photosensor to overcome the disadvantages previously mentioned. We report the experimental results of the prototype device, fabricated using 0.6-µm standard CMOS technology.
A new PFM photosensor by MOS ITCP
A conventional PFM photosensor (conceptual drawing and node voltages depicted in Fig. 1 ) is a self-reset photosensor where the output frequency is given by
with K P F M , I P H , C1, V R and V T representing the sensitivity of PFM photosensor, photocurrent, junction capacitance of the photodiode, reset voltage, and threshold voltage of the CMOS logic inverter, respectively [1] . When the V P D reaches V T due to discharging of the C1 by the photocurrent, the photodiode is reset to the reset voltage V R and one pulse is output. The conventional PFM photosensor, however, has some important disadvantages: sensitivity is low because the amount of the injection charge per cycle Q inj (= C1 · (V R − V T )) is large (≈ 10 fC) relative to the photocurrent, and the fluctuation of the sensitivity is quite large because the threshold voltage of the logic inverter is proportionate to the supply voltage.
A concrete approach to improve the conventional PFM photosensor is to realize a frequency-controlled, ultra-low current source within a limited circuit area. We make use of MOS ITCP to control the amount of Q inj . The ultra-low current sources using this phenomenon have been reported [7, 8] .
The ITCP, which was discovered in 1969 [4] , is a transient recombination effect activated by cycling the Si-SiO 2 interface of a MOSFET between accumulation and inversion. For a brief explanation, the NMOS transistor, whose source and drain are both biased with voltage V R , is considered. By pulsing the gate voltage V G periodically, the mid-gap interface traps capture electrons that flow from the source and drain to form a channel in the inversion phase ( Fig. 2 (a) ) and are emptied in the accumulation phase by capturing holes that are supplied from the p-type substrate ( Fig. 2 (b) ). Acting as recombination centers, these traps transfer a net charge from the source to the p-type substrate and the net charge is given by
where q is the electron charge, A is the gate area, and D it is the trap density per unit area per unit energy [6] . Assuming typical values, we can get an extremely small injection charge Q ss ≈ 3.5 aC (22 electrons per cycle) with the gate area of 0.5 µm × 2.5 µm [8] . 
Design of a new PFM photosensor
A prototype four-transistor photosensor circuit is shown in Fig. 2 (d) with its transistor widths and lengths. The photodiode bias voltage V P D is read out as a current I OUT of the sense transistor M 2 through the selection transistor M 4. The MOS transistor M 1 acts as an ultra-low current source as described previously. The voltage change of V P D due to charge injection or clock feedthrough is suppressed by the additional MOS capacitor C1 of 1.2 pF. The off-chip circuit controls the charge pumping frequency to keep V P D in constant value V R . We apply square pulses shown in Fig. 2 (c) to perform charge pumping with the following conditions:
and
where 
Experimental results and discussion
The device was fabricated using the 0.6-µm CMOS process with the circuit size being 40 µm × 43 µm. The n+/p-sub parasitic diode with junction area 17 µm 2 is used as the photodiode. The measured result of the ITCP current (I cp ) dependence on the base voltage V BASE is shown in Fig. 3 (a) . The frequency, duty cycle, the V T OP , and both the rising time and the falling time of the square waveform were 1 MHz, 50%, 3.0 V, and 12 nsec, respectively. The V BASE was swept from −0.1 V to −0.6 V. The minimum value of the V BASE was −0.6 V because of the existence of I/O protection diodes that are connected between the I/O pad and the substrate. The I cp was calculated from the charging time of the capacitance C1 from 1.0 V to 1.7 V with the assumption that the chargepumping current is constant within that source and drain voltage range. The drain and source voltage of the transistor M1 were set to above 1.0 V for two reasons: 1) To drift back the mobile charge of the channel to source and drain when the gate voltage turns low [6] ; and, 2) To decrease the voltage dependence of the MOS capacitance C1.
The measurements result shows that Q ss (= I cp /f cp ) was 1.4 × 10 −16 C (875 electrons) per cycle when the V BASE was −0.6 V. The saturation of the charge pumping current was not observed because the V BASE was greater than the flat-band voltage. The calculated D it with a typical energy range ∆E ≈ 0.5 eV is 1.2 × 10 10 cm −2 , which is close to the previously reported value [8] .
The relationship between the charge pumping frequency and the incident light intensity is shown in Fig. 3 (b) . When the V P D was lower than 1.7 V, the off-chip circuit outputs square pulses with the same parameters that were used in the measurement of the ITCP current with V BASE of −0.6 V.
Monochromatic light with a wavelength of 630 nm was used as a light source. Various neutral density filters were introduced into the light path in order to achieve different light intensities. The measured sensitivity, linearity, and dynamic range are 4.0 × 10 5 Hz /(W · m −2 ), 6.3%, and 30 dB, respectively. The amount of injection charge by the ITCP was estimated about 90 aC (580 electrons) per cycle. High sensitivity, which is larger than two orders of magnitude, in comparison to the previous works, was obtained [2, 3, 4] . The photocurrent of M2 and dark current of the D1 limited the upper and lower limits of the detectable light intensity, respectively.
Conclusions
We propose a new four-transistor type CMOS active pixel sensor with an in-pixel analog-to-digital conversion (ADC). We describe and demonstrate the high-sensitive PFM photosensor that utilizes MOS interface-traps as a frequency-controlled ultra-low current, although the fraction of the geometric components to the ITCP current is not clear in this work [6] .
The prototype device has been fabricated using the 0.6-µm CMOS process. We investigated the gate voltage dependence of the ITCP current. The measured sensitivity, linearity, and dynamic range are 4.0×10 5 Hz/(W · m −2 ), 6.3%, and 30 dB, respectively. High sensitivity, which is larger than two orders of magnitude, compared to previous works, was obtained [2, 3] .
The proposed PFM photosensor, which is able to be fabricated using standard CMOS process, is a novel four-transistor type pixel circuit leading toward the next generation of CMOS image sensor for its in-pixel ADC capability and high sensitivity.
